Viruses have various mechanisms to duplicate their genomes and produce virus-specific mRNAs. Negative-strand RNA viruses encode their own polymerases to perform each of these processes. For the nonsegmented negative-strand RNA viruses, the polymerase is comprised of the large polymerase subunit (L) and the phosphoprotein (P). L proteins from members of the Rhabdoviridae, Paramyxoviridae, and Filoviridae share sequence and predicted secondary structure homology. Here, we present the structure of the N-terminal domain (conserved region I) of the L protein from a rhabdovirus, vesicular stomatitis virus, at 1.8-Å resolution. The strictly and strongly conserved residues in this domain cluster in a single area of the protein. Serial mutation of these residues shows that many of the amino acids are essential for viral transcription but not for mRNA capping. Three-dimensional alignments show that this domain shares structural homology with polymerases from other viral families, including segmented negative-strand RNA and double-stranded RNA (dsRNA) viruses.
N
onsegmented negative-strand RNA viruses (NNSVs), including measles, Ebola, and rabies viruses, are causative agents of serious human and animal diseases. The genomes of these viruses encode three functionally conserved proteins (the nucleocapsid protein [N] , the large polymerase subunit [L] , and the phosphoprotein [P] ) that are essential to the unconventional mechanisms that these viruses employ for transcription and replication. These processes require two viral complexes, the RNA-dependent RNA polymerase (RdRP) (a complex between the L protein and the P protein [1, 2] ) and the genomic template. The viral genomic RNA of NNSVs does not exist as naked RNA but rather is encapsidated by the nucleocapsid protein (N). The nucleocapsid, rather than the naked RNA, serves as the active template for transcription and replication (1, 3) . This requirement underlines the novel mechanisms used by the NNSV to perform transcription and replication, including special roles of the polymerase complex.
Our knowledge of the N and P proteins has been enhanced by the publication of numerous high-resolution structures over the last decade. In particular, many of these structures have centered on the study of the N and P proteins from vesicular stomatitis virus (VSV), a prototypic rhabdovirus that has served as a model system to investigate the molecular mechanisms employed by NNSVs during transcription and replication. These molecular snapshots have given insight into the structure of N and how it sequesters RNA (4) (5) (6) , how N associates with P prior to encapsidation of RNA and capsid assembly (7) , how P associates with the nucleocapsid during transcription (5) , and the structure of P alone (8, 9) . These structures have complemented decades of molecular biology and biochemical studies.
Though the RdRPs of the NNSV are a complex between L and P, the L protein harbors all of the enzymatic functions (10) , including polynucleotide synthesis and the multistep process of de novo 5= mRNA cap formation, a process that is distinct from that seen with eukaryotic enzymes (11, 12) . The L proteins of the NNS RNA viruses share primary sequence homology (13) in six conserved regions (CRs) of the protein, namely, CRs I to VI (Fig. 1A) . The functions of some of these regions have been identified through active site sequence homology and mutagenesis studies. These regions include CRIII (RdRP [14] ), CRV (mRNA capping enzyme, polyribonucleotidyltransferase [PRNTase] [11, 12, 15] ), and CRVI (methyltransferase [16] [17] [18] [19] ). Electron microscopy (EM) reconstructions gave the first insight into the VSV L structure, showing that its shape consists of a central ring-like structure connected to a large appendage (20, 21) , corresponding to the polymerase and capping domains, respectively. These studies and others showed that L is inherently flexible and undergoes large conformational changes, especially in the appendage, when bound to VSV P (20) (21) (22) .
Due to the enormous size of the protein (2,109 amino acids) and the observed flexibility, the intact L protein has not been crystallized. As an alternative approach to gain high-resolution details of L, we have produced multiple recombinant fragments of the protein. One such fragment corresponding to amino acid residues 37 to 379, covering most of CRI (residues 220 to 410), has been crystallized, and the crystal structure is reported here at 1.8-Å resolution. The structure shows that conserved residues in this domain predominantly cluster in a single area of the domain among members of Mononegavirales. Residues having high or strict homology were serially mutated, and the effects of site mutation on transcription and mRNA capping were analyzed. Our results show that many of the amino acids are essential for viral transcription but not for mRNA capping. These findings and a comparison of the NNSV L protein N-terminal domain (L NTD ) with those of other viral polymerases are presented here.
MATERIALS AND METHODS
Cloning and protein production. The segment of the L gene corresponding to amino acid residues 37 to 379 was amplified from a cDNA clone of the VSV L gene (Indiana strain) via PCR performed with the following primers (Integrated DNA Technologies [IDT]): 5=-GACTAGCTAGCGC TGATTACAATTTGAATTCTCCTC and 3=-CACCGCTCGAGTTACTT CATGGTTACTTGGGAATGTAATTTTTC. This gene fragment and vector pET-28b were each digested with NheI and XhoI restriction enzymes, purified, and ligated together to yield plasmid pET-L37-379. DNA sequencing in the UAB Sequencing Core Facility confirmed the presence of positive clones.
The pET-L37-379 plasmid was transformed into Escherichia coli strain BL21(DE3) CodonPlus competent cells (Stratagene). Transformants were grown at 37°C in LB broth (Fisher) with shaking in the presence of kanamycin and chloramphenicol overnight. Cultures were then diluted 1:100 in fresh LB with antibiotics and shaken at 37°C to an A 600 of 0.5. Cultures were cooled to 18°C, and protein expression was induced at 18°C with IPTG (isopropyl-␤-D-thiogalactopyranoside) (final concentration, 0.5 mM) for 20 h. Bacteria were harvested by centrifugation, resuspended in 50 mM Tris buffer (pH 7.9) containing 500 mM NaCl, sonicated, and centrifuged at 15,000 ϫ g for 30 min. Soluble L was purified by Ni affinity chromatography. The resulting protein was pooled, concentrated, and further purified by size exclusion chromatography on an S-200 column (GE) in buffer consisting of 20 mM Tris, 0.5 M ammonium bicar- bonate, 50 mM arginine, 50 mM glutamate, and 0.5 M NaCl. The final purified protein was concentrated for crystallization trials. To produce selenomethionine (Se-Met)-substituted L 37-379 protein, the pET-L37-379 plasmid was transformed into E. coli methionine-auxotrophic strain B834. Bacteria were grown overnight in LB broth. Bacteria were pelleted and resuspended in SelenoMethionine Medium Complete (Molecular Dimension). Cultures were grown and induced according to the protocols of the manufacturers. Purification of Se-Met protein followed the same protocols used for nonlabeled protein.
Crystallization. L 37-379 was screened for crystallization conditions by the use of commercially available kits. Diffraction-quality crystals were obtained by the hanging drop vapor diffusion method using 100 mM Tris (pH 8.0), 1 M ammonium formate, and 4% Jeffamine T403 with 0.05% B-octylglucopyranoside. Crystals of Se-Met-substituted protein were obtained under similar conditions by the use of seeding techniques with native protein crystals. Crystals were cryocooled under crystallization conditions using a reaction mixture supplemented with 20% polyethylene glycol (PEG) 400.
Data collection and structure determination and refinement. X-ray diffraction data were collected with native and Se-Met-substituted protein crystals at the Advanced Photon Source using SER-CAT beamline 22-ID. Raw intensity data were processed with the HKL2000 package (23) . Analysis of the selenium substructure solution, phasing, solvent flattening, phase extension, and an initial trace of the protein structure were performed with programs in the SHELX package (24) with the aid of the HKL2MAP interface (25) . Further model building and real-space refinement were carried out with the aid of COOT (26) . Crystals of the Se-Metsubstituted protein belong to primitive monoclinic space group P2 1 , with a twin fraction of 0.39, and contain four molecules in the asymmetric unit. A single copy of the L 37-379 structure was used as a molecular replacement search model for phase analysis of the native diffraction data set. Native crystals belong to primitive orthorhombic space group P2 1 2 1 2 1 and diffracted X-rays to beyond 1.8-Å resolution. COOT was used to complete model building. Refinement of the structure was carried out with PHENIX (27) . The analyzed data and crystallographic refinement statistics are listed in Table 1 . All ribbon and surface illustrations of protein structures were prepared with PyMOL (28) .
Sequence alignments. The amino acid sequences corresponding to the L proteins of Hendra virus (O89344), Nipah virus (Q997F0), Newcastle disease virus (P11205), simian virus 5 (SV5; now known as parain- (29) . The N-terminal sequences of these viruses were aligned with Clustal Omega (30) . In vitro transcription. His-tagged mutant L proteins were expressed in insect cells using a baculovirus expression system and purified as described previously (31) . In vitro VSV transcription was carried out with recombinant L protein (0.15 g), recombinant P protein (0.05 g), and N-RNA complex (0.4 g), as described previously (11, 31, 32) . Internally 32 P-labeled leader RNA and deadenylated mRNAs were analyzed by electrophoresis in polyacrylamide gels containing 7 M urea (urea-PAGE; 20% and 5%, respectively) followed by autoradiography as described previously (32) .
In vitro RNA capping. In vitro oligonucleotide RNA capping was performed with the recombinant VSV L protein (60 ng) using [␣-32 P]GDP and pppAACAG oligonucleotide RNA as the substrates (11, 12, 31) . After treatment of the reaction mixtures with calf intestine alkaline phosphatase, RNA products were purified and digested with nuclease P1 as described previously (31) . The resulting digests containing the 32 Plabeled GpppA cap structure were analyzed by polyethyleneimine-cellulose thin-layer chromatography (TLC) followed by autoradiography (31) .
Structural alignments. Structural alignments were performed using combinatorial extension (CE) (33) and the RCSB Web interface (34) . The VSV L NTD (residues 43 to 371) was structurally aligned with the reovirus 3 N-terminal domain (Protein Data Bank [PDB] code 1MUK; residues 2 to 379 [35] ), the influenza A virus PA C-terminal domain (PDB code 3CM8; PA C residues 257 to 716; PB1 residues 1 to 25 [36] ), and the La Crosse orthobunyavirus (LACV) polymerase PA C -like domain (PDB code 5AMQ; residues 270 to 755 [37] ). Flexible alignments were performed with FATCAT (38) .
Protein structure accession number. Structure factors and final refined coordinates have been deposited in the PDB with accession code 5CHS.
RESULTS

X-ray crystal structure of the L protein N-terminal domain.
Many N-and C-terminal truncations of the L N-terminal region were cloned, expressed, purified, and subjected to crystallization trials. In this study, the L protein N-terminal region covering residues 37 to 379 was crystallized, and the structure was solved by the single isomorphous replacement using the anomalous diffraction method and selenium as an anomalous scatterer at a resolu- tion of 1.8 Å. The full model covers residues between amino acids serine 43 and lysine 371. The refined structure shows that there are two copies of the protein in the asymmetric unit: chain B (residues 43 to 133 and residues 148 to 371) and chain A (residues 43 to 59, residues 72 to 132, and residues 148 and 363). The two chains align with an overall root mean square (RMS) value of 0.430 Å for the 294 common residues.
The model of the VSV L N-terminal domain (L NTD ) (Fig. 1B  and C) contains two subdomains. Subdomain I is comprised of a five-stranded antiparallel ␤-sheet (␤1 to ␤5; residues 189 to 227) sandwiched between a three-␣-helix bundle (helices ␣1 to ␣3; residues 47 to 81) and a lone helix, ␣7. Subdomain II is comprised of nine antiparallel ␣-helices (␣4 to ␣6 and ␣8 to ␣13) that have a flattened rather than globular arrangement. The structure of subdomain I begins with a short extended stretch of amino acids (residues Ser43 to Ile46), folds into a series of three helices (␣1 to ␣3 [residues Ser47 to Asn58, Ser64 to Ser68, and Asp72 to Cys81]), and then extends upward to helix ␣4 (Thr88 to Leu99). This helix swaps over to the second subdomain (II). A loop then leads down to helix ␣5 (Ser107 to Phe130). This helix extends from the main body of subdomain II and is stabilized by the noncrystallographic mate in the asymmetric unit (also through helix ␣5). A break in the electron density leaves residues Trp134 to Trp147 unresolved. Antiparallel to helix ␣5 is helix ␣6 (Asp149 to Asn172). Helix ␣7 (Glu176 to Phe186) follows and swaps back to subdomain I. This helix is positioned along with helices ␣1 to ␣3 to bookend a five-stranded antiparallel ␤-sheet (␤1, Lys189 to Ser193; ␤2, Gly196 to Val204; ␤3, Leu207 to Ser213; ␤4, Trp216 to Phe219; ␤5, Asp223 to Asp227). The remaining residues make up the rest of subdomain II. Helices ␣8 to ␣13 are all arranged in an antiparallel orientation. The residue boundaries of these helices are as follows: ␣8, Arg228 to Val249; ␣9, Glu258 to Gln278; ␣10, Asn280 to Glu303; ␣11, Pro312 to Ile328; ␣12, Arg330 to Ser341; ␣13, Val345 to Phe355. Subsequently to helix ␣13, residues 356 to 371 have an extended conformation that lines a crevasse created by helices ␣4 and ␣8 to ␣10 before ascending to interact with the N-terminal residues of subdomain I. The N and C termini of the domain come together, forming hydrophobic interactions between residues Leu45, Ile46, Phe362, and Ile363.
The overall shape of the domain generates two distinct surfaces, one of which is convex and the other slightly concave. The convex surface of the NTD has two regions of electronegative charge due to the presence of two clusters of positively charged residues (in subdomain I, Arg184, Arg191, Arg192, Arg201, and Arg203 and Lys187, Lys189, Lys220, and Lys221; in subdomain II, Arg269, Arg277, Arg302, Arg330, and Arg333 and Lys93, Lys273, Lys296, Lys299, Lys319, Lys327, and Lys342) (Fig. 1D ). In contrast, on the concave surface there are two patches of electronegative surface generated by Asp48, Asp49, and Asp284 and by Glu290, Glu324, and Glu368. Finally, helix ␣5 is also highly Fig. 2. (B) The boxed region from panel A is shown in a ribbon-and-stick model. Stick models are shown for conserved residues and for residues that were mutated for analysis in mRNA capping and transcription reactions, with the sites of mutation labeled. Stick colors reflect the level of conservation found in the sequence alignment of Fig. 2 . Label colors (black, completely or nearly completely abolished; magenta, moderate change; green, no significant change) reflect the effect each mutation has on the transcription levels represented in Fig. 4. charged, having residues Asp117 and Asp125 and residues Glu115, Glu119, Glu121, and Glu128.
Homology among L proteins from members of the Mononegavirales. The L proteins among members of the Mononegavirales share primary sequence homology predominantly in six regions along the length of the protein. To visualize this homology in the L NTD , covering CRI, the amino acid sequence of the L NTD from VSV (a rhabdovirus) was aligned with the corresponding regions of seven members of the Paramyxoviridae and two members of the Filoviridae (Fig. 2) . Residues that were found to have strict or strong sequence homology were then mapped to the structure of the VSV L NTD (Fig. 3) . The conserved residues, including 8 (Ser43, Pro44, Met233, Asp236, Glu290, Gly359, His360, and Pro361) of the 11 strictly conserved residues, predominantly cluster to a single location on one surface of the protein. Arg356 sits among these residues and shares strict homology among members of the Paramyxoviridae and is as strongly conserved as Lys among members of the Filoviridae (residue 373 and 376 in Ebola virus and Marburg virus L, respectively). Two additional residues with strict conservation, Arg241 and Asp272, are below the surface of this area and form a salt bridge in the interior core of the domain. The adjacent CRII (39) and CRIII have been shown to be essential for RdRP activity; however, the role of CRI in VSV is unknown.
Secondary structure predictions were performed for the sequences of this group of L proteins in order to determine if the homology extended beyond their primary sequences (data not shown). Analyzing by linear prediction, each of the L NTD is predicted to contain two helical regions (similar to VSV ␣-helices ␣1 to ␣7 and ␣8 to ␣13) that flank a single ␤-strand region (similar to VSV ␤-strands ␤1 to ␤5). Insertions in sequences of the viruses of the Paramyxoviridae and Filoviridae lead to a slightly longer N-terminal region of the domain, whereas VSV has an extension of approximately 30 residues at the extreme N terminus compared to the other viruses. These features were also observed in the primary sequence alignment (Fig. 2) . Overall, the secondary structures are similar, especially in the regions that share greater sequence homology (e.g., VSV residues 140 to 371). This region of the L NTD , which includes CRI of NNSV L proteins (residues 220 to 410), more closely aligns with the three-dimensional structures of other viral polymerases as discussed below.
Generation of L mutants and evaluation of function. To identify amino acid residues in the NTD that may be critical for transcription, we performed alanine-scanning mutagenesis of this domain in the full-length VSV L protein. We mutated amino acid residues from position 38 to position 46 (DYNLNSPLI; the underlined residues are not observed in the structure) and from position 356 to position 362 (RHWGHPF; a residue in helix ␣13 is underlined). These two sets of residues are found on surface-oriented loops located in close proximity in the crystal structure (see Fig. 3 ) and contain (D/E)xxLS(P/A)⌿(⌿) (, hydrophilic; ⌿, aliphatic) and (R/K)x⍀GHP (⍀, aromatic) motifs conserved in NNSV L proteins (see Fig. 2 ). Furthermore, we introduced mutations in other highly conserved amino acid residues (D236, R241, D272, and E290) and in some nonconserved charged amino acid residues (D284, K287, E303, and D346). Most of the mutants as well as the wild-type (WT) L protein were expressed in large quantities in insect cells by the use of a baculovirus expression system, whereas R241A and D272A were expressed very poorly (data not shown). This is likely due to instability of the L NTD , since R241 and D272, found on ␣-helices 8 and 9, form a salt bridge across the internal core of the ␣-helical bundle that makes up subdomain II. For each of the well-expressed mutants, we purified and verified their purity by SDS-PAGE (Fig. 4A) .
To measure RNA synthesis activities of these mutants, we reconstituted transcription reactions with the highly purified WT or mutant L protein, the recombinant P protein, and the native N-RNA complex as described previously (11, 31, 32) . The resulting 32 P-labeled 47-nucleotide (nt) leader RNA (Fig. 4B ) and deadenylated mRNAs (Fig. 4C) were analyzed by 20% and 5% urea-PAGE, respectively, followed by autoradiography. As reported previously (31, 32) , the WT L protein synthesized the 47-nt leader RNA from the 3= end of the genome (Fig. 4B, lane 2) and mRNAs from the internal genes (Fig. 4C, lane 2) . In the alanine mutations of the loop preceding helix ␣1, the L41A mutation nearly completely abolished both leader RNA synthesis and mRNA synthesis (lane 6), while Y39A (lane 4), L45A (lane 10), and I46A (lane 11) significantly reduced the transcription activity. Although Y39 is conserved only in rhabdoviral L proteins, L41 and one or two aliphatic amino acid residues located 4 amino acids downstream of L41 (L45 and I46 in the VSV L protein) are strikingly conserved in the NNSV L proteins, suggesting critical roles of these aliphatic residues in transcription by NNSV L proteins. In contrast, mutations in other residues of this loop had no effect or modest effects on transcription (lanes 3, 5, 7, 8, and 9) . Similarly to the L proteins with mutations in the RdRP domain (e.g., D714A in the RdRP active site) (32) , all the transcriptiondefective mutants identified in this study exhibited RNA capping activities to extents similar to that seen with the WT L protein (Fig.  4D) . Taken together, these results indicate that highly conserved amino acid residues (e.g., L41, D236, E290, R356, W358, H360, and P361) in the L NTD are specifically required for transcription catalyzed by the RdRP domain but not for capping catalyzed by the PRNTase domain.
Homology of L NTD with other NSV polymerases. Rahmeh et al. (20) previously suggested that the structures of the VSV polymerase domains are reminiscent of the cage-like structure observed for reovirus 3, a double-stranded RNA (dsRNA) virus. To explore similarity with other viral polymerases, we first aligned the structure of the VSV L NTD with the reovirus 3 (35) and observed that the L NTD aligns with the NTD of 3. Subsequently, the influenza A PA C-terminal domain (PA C ) (36, 40) and the La Crosse orthobunyavirus (LACV) polymerase PA C -like domain (37) , both of which share homology with 3, were each aligned with the VSV L NTD . In all three cases, when the whole L NTD was aligned as a rigid body, helical subdomain 2 aligned more closely with the other viral polymerases than the elements of subdomain 1 (Fig. 5A to C) . In total, a minimum of 166 residues (influenza A PA C ) and a maximum of 189 residues (LACV) aligned with the VSV L NTD from the rigid body analysis. However, flexible alignments allowed more overlay between both domains (Fig. 5D to F) , raising the minimum number of residues aligned to 206 (reovirus 3) and the maximum number to 259 (LACV). The latter represents 82.2% of the possible 315 residues in the VSV L NTD . This analysis confirms that each of these three viral domains shares topological similarity with the VSV L NTD , confirming previous suggestions (20) and extending the homology shown in reference 21 . Statistical values from the alignments are shown in Table 2 .
DISCUSSION
In summary, we have determined the first X-ray crystal structure of the N-terminal domain of a NNSV L protein (from VSV), showing that the structure has topological similarity to structures of polymerases from other RNA viruses (influenza A virus, LACV, and reovirus). The L proteins among the NNSVs share sequence homology. Homology in the L NTD region, CRI, localizes mainly to a single surface area of the domain. We have produced wild-type L protein and L protein harboring mutations to individual residues within this region. Each purified L protein was evaluated by in vitro assay for RNA synthesis activity and mRNA capping, and the results showed that residues clustered in this region were important for transcription but not mRNA capping.
Interestingly, not only are amino acid residues identified as essential for transcription located in close proximity on the same molecular surface in the crystal structure but some of the side chains of these residues (e.g., D236 [helix ␣8], E290 [helix ␣10], R356 at the conclusion of helix ␣13, and H360) are oriented in the same direction (see Fig. 3B ), suggesting that these residues are involved in binding of an as-yet-unidentified ligand(s) (e.g., template, substrate, other polymerase domains). The counterparts of R356 and H360 in the L protein of Sendai virus, a prototypic paramyxovirus, have been shown to be required for efficient tran- scription (41) , suggesting general roles of these residues in transcription of NNSV genomes. Importantly, all the transcriptiondefective mutations were found to negatively affect mRNA synthesis to extents similar to that seen with leader RNA synthesis. Furthermore, these transcription-defective mutants did not synthesize increased amounts of prematurely terminated transcripts (data not shown). The RdRP complex has been suggested to enter from the 3= end of the genomic RNA to synthesize leader RNA followed by five mRNAs from the internal genes by a stop-start mechanism (42, 43) . Thus, one possibility is that the mutations in the L NTD abolish or diminish a very early stage (e.g., initiation complex formation) of leader RNA synthesis, thereby impairing leader RNA synthesis-dependent transcription of the internal genes into mRNAs. The NTDs of the viral polymerase structures described above form an affixing point for the finger and thumb domains, thus completing the cylindrical enclosure of the polymerase enzyme (21, 35, 37, 44, 45) . Based on alignments of the VSV L NTD with the complete polymerase structures of reovirus, LACV, and influenza virus, the fingertips and thumbs are in near proximity to the site of high conservation among members of the Mononegavirales (Fig.  6 ). This site is also adjacent to the binding sites for the viral RNAs bound to the influenza virus and LACV polymerase structures. Thus, this conserved area of L could be involved in RNA binding, polymerase organization, and/or other unknown functions. Additional ligand structures and further biochemical analysis of molecular interactions may aid in understanding the role of these important residues. The work is supported in part by NIH grants 1R56AI101087 and 1R01AI116738 (T.J.G.) and R01AI093569 (T.O.). The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.
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